Alpha-Klotho (αKlotho), produced by the kidney and selected organs, is essential for tissue maintenance and protection. Homozygous αKlotho-deficiency leads to premature multi-organ degeneration and death; heterozygous insufficiency leads to apoptosis, oxidative stress, and increased injury susceptibility. There is inconsistent data in the literature regarding whether αKlotho is produced locally in the lung or derived from circulation. We probed murine and human lung by immunohistochemistry (IHC) and immunoblot (IB) using two monoclonal (anti-αKlotho Kl1 and Kl2 domains) and three other common commercial antibodies. Monoclonal anti-Kl1 and anti-Kl2 yielded no labeling in lung on IHC or IB; specific labeling was observed in kidney (positive control) and also murine lungs following tracheal delivery of αKlotho cDNA, demonstrating specificity and ability to detect artificial pulmonary expression.
parenchyma experiences mechanical stress with each respiratory cycle and vascular distention with each cardiac cycle. Thus, the lung has high needs for cytoprotection and is generously bestowed with endogenous and blood-derived antioxidants. [2] [3] [4] One essential cytoprotective protein is αKlotho, a member of the multifunctional Klotho gene family (α, β, and γ). 5 Only αKlotho is secreted into body fluids (blood, 6 cerebrospinal fluid, 7 and urine 8 ) , and is derived from the cleavage of transmembrane αKlotho by secretases. [9] [10] [11] Transmembrane αKlotho is a co-receptor for the circulating mineralregulating hormone fibroblast growth factor (FGF)23 12, 13 while the released soluble αKlotho serves the antioxidative and cytoprotective functions in distal organs including the lung. 14 Homozygous αKlotho hypomorphic (kl/kl) mice with negligible plasma αKlotho levels are small in body size and succumb to multi-organ failure at 2-3 months of age. 5 Heterozygous kl/+ mice (one normal allele) with ~50% of normal plasma αKlotho levels have normal lifespan, histology, and function in most organs, 5 except that their lungs show age-exacerbated degenerative changes, air space enlargement, elevated compliance, increased apoptosis 15, 16 and oxidative DNA damage, 17 highlighting the lung's exquisite sensitivity to circulating αKlotho. Exogenous recombinant αKlotho protects the lung and cultured lung cells from oxidative stress. 17, 18 The highly enriched αKlotho content in human induced pluripotent stem cell secretome significantly contributes to protection of lung cells and lungs from hyperoxic injury. 19 Multiple laboratories have shown direct or indirect αKlotho actions in the lung using in vitro systems. [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] Cumulative literature unequivocally supports a pivotal cytoprotective role of αKlotho in the lung. Circulating soluble αKlotho is derived mainly from the kidney. 32, 33 αKlotho mRNA and protein are abundantly expressed in distal and to a lesser extent proximal renal tubules. 32, 34 There is controversy concerning whether αKlotho present in the lung is produced by resident lung cells or derived from the circulation. Several lung cell lines show αKlotho mRNA expression by RT-PCR but none express αKlotho protein. 21, 26, 29, 31 On the other hand, Kuro-o and colleagues discovered that αKlotho could not detect αKlotho transcript in the intact lung, 5 a finding independently reproduced by our group. 17 Despite the absence of mRNA, αKlotho protein expression was reported in lungs and large airways by several groups using commercial antibodies. 23, 26, 30 The discrepant in vitro and in vivo results, complicated by uncertain sensitivity and specificity of the various anti-αKlotho antibodies used in different studies, significantly impede progress in the understanding of αKlotho biology. To resolve the above discrepancies and clarify the source of the documented αKlotho actions in the lung, we probed normal murine and human lungs, lungs from hypomorphic αKlotho-deficient (kl/kl) mice, and lungs from wild-type mice following inhalational delivery of αKlotho cDNA, using two validated monoclonal antibodies against the Kl1 and Kl2 domains of αKlotho protein, and three other frequently used commercial antibodies. Our aims were twofold: a) To determine the sensitivity and specificity of αKlotho protein detection by immunoprecipitation (IP), immunoblot (IB), and immunohistochemistry (IHC) using commonly available antibodies, and b) To definitively prove whether αKlotho protein is endogenously expressed in the lung.
| METHODS

| Animals
All experimental protocols were approved by the University of Texas Southwestern Medical Center Institutional Animal Care and Use Committee. Wild-type and hypomorphic αKlotho-deficient (kl/kl) mice (129/Sv background) 5, 35 were bred in our laboratory. Human lung and kidney tissues were obtained from the Lung Tissue Research Consortium of the National Heart, Lung and Blood Institute. The mice were anesthetized by intraperitoneal (i.p.) injection of ketamine (100 mg/kg), xylazine (10 mg/kg), and acepromazine (2 mg/kg,) killed by exsanguination, and the organs perfused with phosphate-buffered saline (PBS). One kidney was frozen in liquid nitrogen; the other was fixed in 4% paraformaldehyde. The right lung was removed and snapfrozen in liquid nitrogen for immunoblotting. The left lung was fixed by tracheal instillation of 4% paraformaldehyde at a constant airway pressure (25 cmH 2 O).
| Antibodies and reagents
Rat monoclonal antibodies (Antibody 1: clone-KM2076, anti-αKlotho Kl1 domain; Antibody 2: clone-KM2119, anti-αKlotho Kl2 domain) were generously gifted by Dr Makoto Kuro-o (Jichi Medical University, Tochigi, Japan) 36 ; these are also available commercially (KO603 and KO604, respectively, TransGenic Inc, Fukuoka, Japan). The other commercial antibodies were: Antibody 3: Rat anti-mouse αKlotho monoclonal MAB1819 (R&D Systems); Antibody 4: Rabbit polyclonal anti-mouse αKlotho ab203576 (Abcam); Antibody 5: Rat monoclonal anti-mouse αKlotho sc74205 (Santa Cruz, Dallas TX). For IP, a synthetic anti-Klotho antibody sb48 (also termed sb106) was used. 6 Recombinant αKlotho protein containing the ectodomain of mouse αKlotho (amino acid number 31-982) with Cterminal V5 and 6xHis tags was generated and purified in our laboratory in mammalian cells as described previously. 37 
| IP and IB
Total lung or kidney lysate was prepared as previously described. 37 Thirty micrograms of protein of lysate was solubilized in Laemmli's sample buffer and subjected to sodium dodecyl sulfate polyacrylamide gel electrophoresis. After transferring to polyvinylidene difluoride membranes, proteins were immunoblotted with different primary antibodies and β-actin for loading control. Signal was visualized using the enhanced chemiluminescence (ECL) kit (Perkin-Elmer LAS, Inc). two each were studied 4 and 7 days later. Five mice received vector-containing nanoparticles; two were studied after 4 days later and three were studied 7 days later. Mice were deeply anesthetized (ketamine 100 mg/kg, xylazine 10 mg/ kg, acepromazine 2 mg/kg, i.p.) and killed by exsanguination. The right lung was removed and snap-frozen in liquid nitrogen. The left lung was fixed by tracheal instillation of 4% paraformaldehyde at a constant airway pressure (25 cmH 2 O). αKlotho expression in the lungs was probed by IHC and immunoblotting as described above.
| IHC
| RESULTS
| IB and IP
Mouse lung lysate was immunoblotted with each of the five antibodies. Labeling specificity was tested by preincubation with purified recombinant αKlotho. Kidney lysate served as positive control. The monoclonal Antibodies 1 and 2 did not show labeling with lung lysate regardless of the exposure times while Antibodies 3, 4, and 5 labeled multiple bands that are not compatible with αKlotho's electrophoretic mobility (a broad band approximately 130 kD; Figure 1A ). Moreover, labeling by Antibodies 3-5 was not blocked by incubation with purified αKlotho protein ( Figure 1A ). To test if αKlotho is expressed in limited regions or the signal may be "diluted" in whole lung lysates, we isolated peripheral and central lung regions for IB by Antibody 1 and again observed no specific staining even though strong labeling was present in the kidney lysate on the same blot ( Figure 1B ). To test if αKlotho expression is age-dependent, we performed IB on lungs from neonatal mice (day P5) with Antibody 1 and observed no staining in the lung either (data not shown). To ensure that low protein abundance is not the reason for the lack of labeling by Antibody 1, lysate from the entire mouse lung was immunoprecipitated with asynthetic anti-Klotho antibody sb48 (previously termed sb106) known to perform well in IP, 6 then immunoblotted with each of the five antibodies Even with the concentration and a long exposure, no specific bands were identifiable from the lung using Antibodies 1 and 2 while the expected positive labeling of the kidney (130 kD) as control clearly verifies the utility and validity of Antibodies 1 and 2 ( Figure 1C ). We also ran lung and kidney lysates on the same gel, transferred them to the same PDVF membrane, incubated with the same antibody solutions, and then cut the filters to separate the lung and kidney lanes for long (lung) and short (kidney) exposure, and we did not observe any signal from the lung (data not shown). Antibodies 3, 4, and 5 yielded inconsistent and uninterpretable results in kidney and lung. (synonymous with sb106) 6 , and blotted with Antibodies 1 to 5. In (B) and (C), both a short and a long exposure are shown (left and right panels, respectively). Kidney lysate served as positive control labeling particularly in the airways using various commercial antibodies. 23, 26, 30 As in the case of IB and IP (Figure 1 ), no αKlotho labeling was detected in wild-type mouse lung by IHC using Antibody 1 or 2, contradicting the widespread labeling observed with Antibody 3, 4, or, 5 ( Figure 2A , upper row). Use of standard antigen retrieval techniques could not bring out staining by Antibody 1 (not shown). Preincubation of the antibodies with purified recombinant αKlotho did not abolish labeling by commercial Antibody 3, 4, or 5 except for minor diminution of labeling by Antibody 3 (Figure 2A , lower row), indicating that these are likely nonspecific binding. Further testimony on the specificity, or lack thereof, of these antibodies was provided by the IHC results in the kl/kl hypomorphs that express negligible αKlotho. As in wild-type mice, there was no staining in the lung of kl/kl mice using Antibody 1 or 2, suggesting again that the positive signal Figure 2B) . Furthermore, the positive labeling of kidney in wild-type mice using Antibody 1 or 2 was completely blocked by recombinant αKlotho, attesting to their specificity, whereas the positive labeling using Antibody 3, 4, or 5 was not blocked ( Figure 2C , upper two rows). If αKlotho is genuinely expressed in the lung, αKlotho labeling should be decreased in kl/kl mice as its 5'-flanking region is disrupted. Indeed, a lack of αKlotho labeling in kidney sections from kl/kl mice was demonstrated by IHC using Antibodies 1 or 2. In contrast, widespread labeling was still observed using Antibodies 3, 4, and 5 that were not blocked by recombinant αKlotho ( Figure 2C, lower 2 rows) .
| IHC
To exclude the possibility that peculiarities of the lung precludes Antibody 1 or 2 from reacting with αKlotho and that our results may represent false negatives, we examined a situation when αKlotho protein is artificially expressed in murine lung by tracheal delivery of nanoparticles bearing αKlotho cDNA (Figure 3) . We previously validated this inhalational approach showing successful pulmonary cDNA delivery and sustained expression and bioactivity of the erythropoietin receptor. 38 At 4 and 7 days following αKlotho cDNA delivery, αKlotho protein expression was clearly detected by IB using Antibody 1 or 2, showing the characteristic 130 kD band while no 130 kD signal was observed in the lungs of vector-treated animals ( Figure 3A) . Similarly, in animals treated with αKlotho cDNA, intense positive αKlotho labeling in lung tissue was detected by IHC using Antibody 1 or 2 ( Figure 3B ) localized within the cytoplasm of airway and alveolar septal cells ( Figure 3C ). Thus, αK-lotho protein expression in lung cells may be artificially induced and specifically detected using Antibodies 1 and 2.
F I G U R E 2 (Continued)
We extended these studies from murine to human lung and kidney tissue, by probing with each of the five antibodies and blockading by incubation with purified αK-lotho protein (Figure 4) . In adult human lung (upper 2 rows), no labeling was observed with Antibody 1 or 2, whereas nonspecific staining was observed using Antibody 3, 4, or 5 that was not blocked. In human kidney (lower 2 rows), specific labelling was observed using Antibody 1 or 2 that was blocked by incubation with purified αKlotho protein, whereas the positive labeling by Antibody 3, 4, or 5 was not blocked. These results show that native αKlotho expression was similarly present in both murine and human kidneys and similarly absent in murine and human lungs. 
| DISCUSSION
| Summary of the findings
We present novel data disproving the notion of native αKlotho protein expression in murine and human lung by meticulously ensuring that the monoclonal Antibodies 1 (anti-Kl1, KM2076) and 2 (anti-Kl2, KM2119) are sensitive and specific in detecting αKlotho natively expressed in the kidney and artificially expressed in the lung. We further demonstrate the nonspecificity of several commercial anti-αKlotho antibodies commonly used in previously published studies that reported positive αKlotho expression in lung tissue. While Antibodies 1 and 2 yielded no staining on IHC, the other antibodies labeled numerous lung structures. While IB using Antibodies 1 and 2 was negative in murine lung, the other antibodies produced multiple bands incompatible with the electrophoretic mobility of full-length αKlotho that were not blocked by preincubation with purified recombinant αKlotho protein or using lung tissue from kl/kl hypomorphic mice, arguing against the specificity of Antibodies 3, 4, and 5. In contrast, labeling with Antibody 1 or 2 in the kidney, which is known to express abundant αKlotho, was completely abrogated by purified αKlotho protein, indicating specificity. We conclude that the lung normally does not express full-length αKlotho; the unequivocal findings of αKlotho-mediated in vivo cytoprotection in the lung is derived from circulating αKlotho produced mainly by the kidney or exogenous F I G U R E 4 Immunohistochemistry of αKlotho expression in human lung and kidney. Paraformaldehyde-fixed human lung and kidney sections from two subjects were probed with five antibodies; specificity was tested by preincubation with purified recombinant αKlotho. Antibody 1: Rat monoclonal Anti-αKlotho Kl1 (KM2076). Antibody 2: Rat monoclonal Anti-αKlotho Kl2 (KM2119). Antibody 3: R&D Cat# MAB1819; Antibody 4: Abcam Cat# ab203576; Antibody 5: Santa Cruz Cat# sc74205. Representative images are shown. Bar = 100 µm sources including the delivery of conditioned media of human induced pluripotent stem cells that are enriched in αKlotho content. [17] [18] [19] Nevertheless, pulmonary αKlotho protein may be experimentally expressed by targeted delivery of αKlotho cDNA to the lung and specifically detected using commercially available monoclonal anti-Kl1 and anti-Kl2 antibodies. We cannot rule out the possibility that αKlotho taken up by the lung from the circulation can be processed in lung cells to smaller fragments. These results highlight the need for rigorous validation of each reagent used in αKlotho research to avoid reaching erroneous conclusions.
| Organ-specific αKlotho expression
In addition to the kidney, αKlotho is endogenously expressed in the parathyroid gland, 40 brain, 41 breast, 42 gonads, 43 and sino-atrial node. 44 Some organs do not express αKlotho but clearly derive benefits from circulating αKlotho. For example, the myocardium does not express αKlotho yet undergoes pathologic remodeling in genetic or acquired states of circulating αKlotho deficiency 45 ;
repletion with recombinant αKlotho protein rescues the cardiomyopathy in vivo and in vitro. 37, 45 Thus, the absence of native αKlotho expression in the heart does not diminish the biological significance of circulating αKlotho action on the myocardium. Our findings present a parallel scenario in the lung where the absence of native αKlotho does not lessen the biological significance of circulating αKlotho action on the lung. In another scenario, there is an existing controversy regarding whether αKlotho is actively produced by vascular smooth muscle cells or is derived from circulation 46-51 even though αKlotho has clearly been shown to protect vascular smooth muscle cells from vascular calcification 52, 53 ; the uncertainty regarding the source of αKlotho production has impeded the progress in the field. 62 and reciprocally interacts with erythropoietin receptor to enhance cytoprotection. 63 In lung epithelial cells, αKlotho activates the Nrf2 network of antioxidant proteins to alleviate injury. 17, 18 Circulating αKlotho protects alveolar endothelium, and rapidly crosses the septum to reach the epithelium. 64, 65 αKlotho gene disruption leads to premature multi-organ degeneration and death 5 whereas overexpression extends life span. 35 Circulating αKlotho levels inversely correlate with local oxidative DNA damage in the lung. 17, 18 Homozygous αKlotho-deficient hypomorphic (kl/kl) mice die at 8-12 weeks of age; their lungs are friable with enlarged air spaces, decreased elastic recoil and heightened apoptosis. 16 These mice exhibit reduced hematopoietic stem cells and cytoprotective molecules, 58 suggesting diminished repair and regenerative ability. Hemizygous αKlotho haplo-insufficient (kl/+) mice (~50% of normal circulating αKlotho level) show age-exacerbated oxidative damage, enlarged air spaces, 17 elevated lung compliance, and increased apoptosis. 15, 16 Acquired circulating αKlotho deficiency, for example, in renal disease, predisposes to secondary lung injury 18 and exacerbates coexisting hemodynamic, metabolic, and pro-inflammatory factors contributing to lung dysfunction. In rats with ischemia-reperfusion kidney injury 8 and severely reduced plasma αKlotho level, acute lung injury develops quickly 18 ; repletion of circulating αKlotho alleviates pulmonary complications independent of the severity of kidney injury. 18 By inference, age-related decline in renal αKlotho synthesis may also heighten susceptibility to lung injury in the elderly.
| αKlotho actions in the lung
| αKlotho detection
Endogenous αKlotho transcripts have been detected in cultured lung cells transfected with αKlotho cDNA; yet none of the lung cell lines express αKlotho at baseline. 21, 26, 29, 31 Li et al 25 performed IHC using an unspecified polyclonal antiαKlotho antibody, and reported co-localization with alveolar macrophages and decreased staining in lungs of smokers and patients with chronic obstructive pulmonary disease (COPD); however, control specimens showed high background intensity, and specificity of staining was not established. Gao et al 23 performed IHC and IB with commercial antibodies reporting intense αKlotho staining in the lungs of healthy nonsmokers compared to markedly reduced staining in smokers and COPD patients, whereas αKlotho staining intensity was similar in ozone-exposed mice compared to air-exposed controls. Also using commercial anti-αKlotho antibodies, 66 αKlotho staining was detected by IHC and IB in bronchial epithelium of cystic fibrosis patients. However, in that study 66 the two detected bands (~65 and ~80 kD) were below the expected size of full-length/secreted αKlotho (~130 kD) and no control IHC was shown. Furthermore, the detected bands 66 are inconsistent with the single band (130 kD) shown in another study by the same group using the same antibody that probed airway epithelia from COPD patients. 30 Usuda et al 67 Our previous study demonstrated the sensitivity and specificity of anti-Kl1 (KM2076) for detecting serum αKlotho by IP and IB. 17 Multiple synthetic anti-αKlotho antibodies, for example, sb106 (now called sb48) have been developed for use in immunoprecipitation and on unfixed cells 6 ; however, synthetic antibodies only detect native nondenatured αKlotho and cannot detect denatured proteins by IHC and IB even in the kidney with its abundant αKlotho expression. The ability of sb48 (sb106) to label unfixed transfected cells may be due to the highly abundant overexpression but a major reason is explained by lack of fixation. 6 In contrast, KM2076 and KM2019 are well proven to label denatured Klotho. Enzyme-linked immunosorbent assays (ELISA) are known to exhibit suboptimal specificity and sensitivity in detecting αKlotho in serum 6, 73 and cannot detect αKlotho in tissue lysates. To date, no laboratory including ours (data not shown) has been able to detect native αKlotho by IP followed by mass spectrometry using validated antibodies (including KM2076 and KM2019) from any tissue including the kidney.
| Significance of absent endogenous αKlotho expression in the lung
Our finding of the absence of native αKlotho production in the normal lung carries significant physiological impact. Karl Popper logically emphasized that no amount of positive experimental outcomes can absolutely confirm a scientific theory, but a single reproducible counterproof is decisive in showing the theory to be incorrect. 74 Not only is a negative finding just "as true" as a positive one, it actually possesses greater power in supporting conclusions. By resolving the controversy regarding the source of αKlotho in the lung, these results permit accurate data interpretation of studies designed to elucidate the organ-specific mechanisms of action of this essential protein.
Like the myocardium, the lung depends heavily on circulating αKlotho for maintenance and protection, rather than being equipped with its own αKlotho protein expression. The lack of native local αKlotho production does not diminish the biological importance of αKlotho in lung homeostasis or contradict the cumulative literature overwhelmingly supporting αKlotho as essential for lung health. Given the continuous physico-chemical insults imposed on the lung, it is not surprising that local endo genous cytoprotective mechanisms need to be supplemented by circulating factors such as kidney-derived αKlotho to neutralize the toxicity of blood-borne wholebody waste products traversing the lung. As renal αKlotho production declines with age or disease, an imbalance between pulmonary toxin delivery and cytoprotective capacity is created that predisposes to lung degeneration and dysfunction. Local or systemic diseases, for example, diabetes mellitus and cardiovascular disorders, that cause renal impairment further reduce αKlotho synthesis and accelerate widespread age-exacerbated organ degeneration in the lung. Primary acute or chronic lung disease may secondarily impair renal function and reduce circulating αKlotho level, thereby aggravating lung degeneration in a vicious cycle. Thus, circulating αKlotho delivery to the lung is a plausible mechanism of pulmonary-renal crosstalk and explains an important aspect of reciprocal interdependence between these two organs.
| Conclusions
We provide unequivocal proof that a) αKlotho protein is not normally expressed in murine or human lung tissue, although expression may be artificially induced; b) therefore, the biological actions of αKlotho on the lung is normally derived from circulating αKlotho and c) the reported αKlotho detection by several commonly used commercial antibodies are nonspecific artefacts. These results resolve a major controversy of pulmonary αKlotho expression, and promote valid methodology and accurate data interpretation for future studies in this emergent field. It is absolutely critical to advance the current understanding of the role of αKlotho in pulmonary physiology and pathobiology; however, validated reagents must be used and these are accessible to all investigators. In addition, the validity of any new reagent for elucidating αKlotho expression must be rigorously established to avoid reaching erroneous conclusions. This caveat broadly applies to the study of αKlotho biology in extrapulmonary organs as in the lung. In terms of physiological significance, the dependence of the lung on extrapulmonary source of αKlotho for health maintenance and cytoprotection heightens the susceptibility to lung injury from either direct insult or secondary development of acute respiratory distress syndrome in renal failure or other extrapulmonary diseases associated with reduced circulating αKlotho levels. Whether there is local pulmonary expression of αKlotho in pathological states remains to be investigated. Finally, the ability to artificially express αKlotho in the lung via inhalational cDNA delivery holds promise for noninvasive translational interventions designed to fortify αKlotho-mediated cytoprotection in the lung.
